We developed and validated a real-time PCR assay consisting of 7 triplexed reactions to identify 11 individual serotypes plus 10 small serogroups representing the majority of disease-causing isolates of Streptococcus pneumoniae. This assay targets the 13 serotypes included within the 13-valent conjugate vaccine and 8 additional key serotypes or serogroups. Advantages over other serotyping assays are described. The assay will be expanded to 40 serotypes/serogroups. We will provide periodic updates at our protocol website.
T
he pneumococcal capsular serotype is an essential parameter for vaccine-related disease surveillance. Conventional serotyping is difficult and not applicable for culture-negative clinical specimens. Conventional PCR assays targeting serotype-specific genes (1) (2) (3) (4) are useful for serotyping isolates and clinical specimens (5-12); however, real-time PCR is faster and more sensitive (13) (14) (15) (16) (17) . Here we describe a triplexed real-time multiplexed PCR (rmPCR) assay that provides advantages over previously described assays.
Twenty-one oligonucleotide sets targeting 21 serotypes/serogroups (Table 1) were designed using published cps sequences, Primer Express version 3.0 (Applied Biosystems, Foster City, CA), and Beacon Designer (Premier Biosoft International, Palo Alto, CA). Probes were 5= labeled with 6-carboxyfluorescein (FAM), hexachloro-6-carboxyfluorescein (HEX), 6-carboxy-X-rhodamine (ROX), or indodicarbocyanine (CY5). Black hole quencher 1 or 2 was placed either at the 3= end of the probe or internally on a thymidine base. If internally quenched, the 3= end was capped with a phosphate group to prevent probe extension. Due to issues pertaining to sensitivity, specificity, and annealing temperature, it was necessary for five probes to contain locked nucleic acids. Primers/probes were synthesized at the CDC Biotechnology Core Facility.
The 21 serogroups/serotypes were grouped into seven triplex reactions in four different regional schemes (Table 2) . Reaction mixtures contained 5 l of DNA, primers/probes, 12.5 l Invitrogen-Platinum Quantitative PCR SuperMix-UDG master mix, 1.5 l MgCl 2 (50 nM), and water for a final 25-l volume. Amplification in the Stratagene Mx3005P employed a temperature of 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Primer and probe concentrations were formulated to obtain the highest DNA dilution yielding a cycle threshold (C T ) value of Յ35.
Assay validation employed 967 pneumococcal strains representing 78 capsular serotypes and 5 capsule-deficient strains lacking type-specific biosynthetic genes (Table 3) . Of these, 803 were collected through invasive pneumococcal disease surveillance in the United States (http://www.cdc.gov/abcs/index.html). In addition, 169 isolates from Brazil, India, Kenya, Mongolia, Mozambique, Nepal, Peru, and Thailand were included. Forty-three isolates of 15 related species, which included Streptococcus pseudopneumoniae (10) , Streptococcus gordonii (6) [18] ) were tested. DNA was extracted using the Qiagen DNA minikit (Qiagen Inc., Valencia, CA) (18) . A loopful of bacteria from a blood agar plate after overnight growth was resuspended in lysis buffer containing 0.04 g/ml lysozyme and 75 U/ml of mutanolysin and incubated for 1 h at 37°C. The remaining extraction procedure was performed by following the kit manufacturer's instructions. Serial dilutions of DNAs were prepared in PCR-grade water to obtain C T values in the range of 20 to 30. Specific amplification for serogroups/serotypes within each triplex reaction was assessed against all strains, with no cross-reactivity observed between serogroups/serotypes in monoplex or triplex reactions. No amplification was observed for any assay when testing capsule-deficient pneumococci and nonpneumococcal strains.
A total of 377 cerebrospinal fluid (CSF) samples and 104 blood culture broth (BLB) samples were obtained in accordance with the CDC Institutional Review Board, including 256 CSF samples obtained from Turkish meningitis surveillance (our unpublished data). The remaining specimens, including culture-negative BLB specimens that had Gram stain and/or latex test results consistent Thirty randomly selected lytA-negative extracts were rmPCR negative (data not shown).
To determine the lower limit of detection (LLD), DNA was extracted from a suspension of overnight blood agar growth (in 0.85% saline) prepared at a density equivalent to a 0.5 McFarland standard (ϳ1.5 ϫ 10 8 CFU per ml), from which 10-fold serial dilutions were made. After vortexing, DNA was extracted from 200 l of serial dilution suspensions (18) . Real-time PCRs for each serotype/serogroup were performed in triplicate, with monoplex and triplex reactions run simultaneously. The LLD for each assay was the highest dilution that yielded a C T value of Յ35. When tested in monoplex format, the assays for serotypes/serogroups 1, 6A/6B/6C/6D, 7F/7A, 9V/9A, 11A/11B, 12F/12A/12B/44/46, 15A/ 15F, 23A, and 23F reliably presented an LLD of ϳ7.5 cell genome equivalents per reaction. In monoplex format, the assays for serotypes/serogroups 2, 3, 4, 5, 6C/6D, 14, 16F, 18C/18A/18B/18F, 19A, 19F, 22F/22A, and 33F/33A/37 presented an LLD of ϳ15 cell genomes per reaction. Each of the 21 individual reactions presented an LLD of ϳ15 cell genome equivalents per reaction when tested in triplex format. When using thermocyclers that require master mix with ROX reference dye, used in combination with CY5 as a fluorescent dye, the LLD was ϳ150 genome equivalents per reaction for the serotype 4 assay. This discrepancy was not observed for master mix kits without ROX reference dye.
rmPCR offers advantages over cmPCR, including greater sensitivity and containment, in which amplification products are not potential contaminants for subsequent PCRs. Also, rmPCR offers more specificity in requiring hybridization to a probe in addition to amplification primers. Specificity is a concern, since related streptococcal strains carry homologs of pneumococcal capsular type-specific loci (19) . Drawbacks of rmPCR relative to cmPCR include expense and limited multiplexing. A useful rmPCR assay (16) offers three 4-plex assays targeting the 13 serotypes included within the 13-valent conjugate vaccine PCV13. Although our assay employs only triplexed reactions, it includes the PCV13 types and 8 additional important serotypes/serogroups. Our assay provides better resolution of serogroup 6 through distinguishing 6A/6B from 6C/6D. This is important, since vaccination with the 7-valent conjugate vaccine does not protect against emergent serotype 6C (7, 20) . Our assay includes serotype 2, which, although rare among U.S. disease isolates, is a significant cause of meningitis in Bangladesh (21) and Mongolia (our unpublished data). Another useful rmPCR assay (22) (7) 19F (7) 14 (6) 14 (6) (13) 4, 19A (13 each) 12F/12A/12B/44/46 (9) 12F/12A/12B/44/46 (9) 6A/6B (8) 6A/6B (8) 14 (6) 14 ( (14) a Serotypes detected by cmPCR but not present in the real-time triplex reactions are underlined. b These cmPCR and rmPCR reactions were all performed employing African schemes (described for the cmPCR assay at http://www.cdc.gov/ncidod/biotech/files/pcr-Africaclinical-specimens.pdf). c Nontypeable was defined by a reaction yielding no serotype/serogroup-specific band visible on agarose gel when tested for all 40 assays by conventional multiplex PCR. d Nontypeable was defined by no C T value for any of the 21 serotype/serogroup assays. The underlined samples in the preceding column, along with the nontypeable samples, were rmPCR nontypeable.
